ABSTRACT Aedes albopictus (Skuse) (Diptera: Culicidae), the Asian tiger mosquito indigenous to Asia, now an invasive species worldwide, is an important vector for several arboviruses. Genetic analysis using the mitochondrial nicotinamide adenine dinucleotide dehydrogenase subunit 5 (ND5) gene was carried out in populations from Cameroon (n ϭ 50), Hawaii (n ϭ 38), Italy (n ϭ 20), the continental United States, Brazil, and its native range. Data for Brazil, the continental United States, and the native range was obtained from Birungi and Munstermann (2002) . Direct sequencing was used to identity unique haplotypes. The limited phylogeographic partitioning of haplotypes with low levels of sequence divergence in both Cameroon and Hawaii was consistent with the population structure of Ae. albopictus in the United States and Brazil. Four new haplotypes were identiÞed from the samples from Cameroon and Hawaii, adding to previously described haplotypes. Hawaii shared a haplotype with Cameroon that was unique to these two regions. Hawaii also had higher overall haplotype diversity than seen in previous continental United States, Brazil, or native range populations. Hawaiian, Cameroon, and Italian populations did not share haplotypes with Brazil, which validates the earlier mitochondrial DNA studies indicating a separate introduction of this species into Brazil.
Aedes albopictus (Skuse) (Diptera: Culicidae), commonly referred to as the Asian tiger mosquito and a vector for dengue fever, has spread in the last few decades from its native range in Asia to Africa, the Middle East, Europe, and the Americas (Gratz 2004) . The invasion of this species poses a risk to human health and the natural environment (Gubler et al. 2001) . Ae. albopictus, in addition to being a vector for dengue virus, plays an important role in the transmission of several other arboviruses including, chikungunya in the island of La Reunió n (Reiter et al. 2006) and Italy (Beltrame et al. 2007 ), eastern equine encephalitis (Mitchell et al. 1992) , LaCrosse encephalitis (Gerhardt et al. 2001) , Bunyaviridae (Francy et al. 1990) , and West Nile virus (Turell et al. 2001 ). This species was probably introduced into the Americas via transportation of dormant eggs in used tires Darsie 1984, Gratz 2004) . Ae. albopictus, despite its typical lifetime ßight range of 200 m (Hawley 1988) , was able to colonize new areas rapidly, probably due to increasing intercontinental trade (Hawley et al. 1987 , Rai 1986 ). It typically prefers suburban and rural areas, where the larval habitat occurs in the waters contained in natural containers such as tree holes, leaf axillas, or bamboo internodes, and artiÞcial containers such as tin cans, water tanks, or used tires. The range of suitable microhabitats and environmental ßexibility permits its rapid colonization and widespread distribution (Hawley 1988 , Hawley et al. 1989 , Simard et al. 2005 .
Before its recent global expansion, Ae. albopictus was primarily found from Pakistan, India, and the Maldives in the west, to China and Japan in the east, and Indonesia and Papua New Guinea in the south (Gubler 2003 ; Table 1 ). Its presence in Hawaii was documented as early as the late 19th century. The 1943 outbreak of dengue in Honolulu, HI, was ascribed to pilots coming from Fiji where dengue was endemic. The 1943 data revealed that 85% of the Aedes mosquitoes of Honolulu were Ae. albopictus (Gubler 2003) . However, this species was unknown outside of Asia and the PaciÞc until its discovery in Albania in 1979, followed by its recognition in the United States (in Houston, TX) and Brazil in 1985 , in Cape Town, South Africa (1989 , and the following year in 1990 in Genoa, Italy (Sabatini et al. 1990 , Gratz 2004 .
The spread of Ae. albopictus since its introduction into the United States has been thoroughly documented (Hawley 1988 , Hawley et al. 1989 , Moore 1999 . Its wide dispersion encompasses some 866 counties in 26 states in the continental United States. Furthermore, since its introduction, several arbovi-ruses (eastern equine encephalomyelitis, keystone, Tensaw, Cache Valley, and Potosi) have been isolated from this mosquito (CDC 2005) . More than a century after its discovery in Hawaii, this species is now described as ubiquitous and has been the major vector for several dengue fever outbreaks (Efßer et al. 2005) . The arrival of this species in the continental United States is attributed to the trade in used tires. Data from the allozyme study and the Birungi and Munstermann (2002) mitochondrial DNA (mtDNA) study suggested an Asian origin.
In 1979, the Þrst documented European case of Ae. albopictus infestation was reported in Albania, probably emerging from tires imported from China, followed by a 1990 and 1991 infestation of the species in Genoa and Veneto regions of Italy (Sabatini et al. 1990, Dalla Pozza and Majori 1992) . Ae. albopictus has now become a permanent pest and biting mosquito throughout much of Italy (Romi 2001) . It was responsible for the outbreak of chikungunya in north eastern Italy (ECDC 2007) as well as epidemics on the island of La Reunió n (Reiter et al. 2006) . It is also a carrier of Dirofilaria species in Italy (Cancrini et al. 2003) .
Ae. albopictus was Þrst introduced into South Africa between 1989 and 1991 by means of eggs in tires from Japan Toto 2001, Gratz 2004) . Additional collections by CDC personnel were reported in Nigeria in 1991 (MMWR 1991 . In 1999, the Þrst biting episode of Ae. albopictus was recorded in southern Cameroon (Fontenille and Toto 2001) ; by 2000, it was widely prevalent in southern Cameroon. Fontenille and Toto (2001) indicate that the source may have been used or retread tires imported regularly from the United Sates, Nigeria, and South Africa.
Mitochondrial DNA has been extensively used for population genetics studies (Avise et al. 1987 , Hodgkinson et al. 2002 . It has a high copy number per cell, high substitution rate, lack of recombination, effective population size one fourth that of nuclear DNA, and uniparental inheritance making it a suitable marker for phylogenetic studies. Mitochondrial DNAÕs high mutation rate makes it a useful tool for tracking demographic changes and comparing relationships among populations (Avise 1994 ).
In the current study, a 405-bp fragment of the mitochondrial nicotinamide adenine dinucleotide dehydrogenase subunit 5 (ND5) gene was sequenced to add evidence to the genetic origins of these invasions. More speciÞcally, two goals were given priority: Þrst, to reexamine the geographic origin of populations that colonized Brazil, populations with a genotype distinct from those in North America ; and second, to establish the pattern of genetic variation of Ae. albopictus populations sampled from Cameroon, Hawaii, and Italy.
Materials and Methods
Sample Collection. Adult specimens were collected and supplied from Cameroon, Hawaii, and Italy, with sample sizes of 50, 38, and 20, respectively (Table 1) . Hawaii samples were identiÞed in the Þeld by the collectors using local information on the fauna (Darsie and Ward 1980) . Cameroon and Italian species were identiÞed by experts at each location by keys that were locally applicable. The samples from Italy came from recently established laboratory colonies. Immediately after collection, samples were placed in 80% ethanol, brought to the Yale University laboratory, and stored at Ϫ80ЊC. Voucher specimens of Ae. albopictus in 80% ethanol from Hawaii and Italy were submitted to Division of Entomology at the Yale University Peabody Museum of Natural History. To provide the Þnal global analysis the analytic results from these samples were added to the results obtained from U.S. and Brazil collections previously processed by Birungi and Munstermann (2002) . DNA Extraction. DNA was isolated using the DNeasy tissue kit (QIAGEN, Valencia, CA). Each sample was washed twice in 95% ethanol and then air-dried. The specimen was transferred to a sterile Eppendorf tube and immersed in 100 l of ATL buffer (QIAGEN, Valencia, CA). Each specimen was homogenized in a 1.5-ml Eppendorf tube, using a Kontes disposable pestle. Each pestle was rinsed with an additional 80 l of buffer to remove trace amounts of specimen. To each tube, we added 20 l of proteinase K solution, and then the samples were incubated overnight at 55ЊC. DNA was extracted and puriÞed following the manufacturerÕs protocol. PuriÞed DNA (Ϸ150 Ð200 ng) were resuspended in 25 l of H 2 O for 10 min and stored at Ϫ20ЊC. DNA Amplification. ND5 primers designed by Birungi and Munstermann (2002) were used for polymerase chain reaction (PCR) ampliÞcations. PCR was performed in 50-l reaction volumes containing 1 l of DNA template, PCR buffer containing 35 mM MgCl 2 , 100 Mn Tris-HCl, 250 mM KCl, 1 M each primer, 2 mM dNTP mix (Roche Diagnostics, Mannheim, Germany), and 0.5 U of Taq polymerase (Roche Diagnostics). The PCR program consisted of an initial denaturation at 98ЊC for 5 min, followed by 10 cycles at 95ЊC for 1 min, 45ЊC for 1 min, 72ЊC for 1min 30 s, and then 30 cycles at 95ЊC for 1 min, 46ЊC for 1 min, 72ЊC for 1 min 30 s, and a Þnal extension at 72ЊC for 5 min. A negative control was included with every set. Electrophoresis was performed on 5 l of each PCR sample at 180 V on a 2% agarose gel stained with ethidium bromide. DNA Sequencing. PCR samples from Cameroon, Hawaii, and Italy were puriÞed with QIAquick PCR PuriÞcation kit (QIAGEN) according to the manufacturerÕs speciÞcations. Samples were initially sequenced with forward and reverse ND5 primers; however, after extensive sequencing, the forward direction was found suitable. Therefore, the samples were then sequenced using the forward ND5 primers by automated sequencing (W. M Keck Foundation Biotechnology Resource Laboratory, Yale University, New Haven, CT).
Data Analysis. DNA sequences from Hawaii, Cameroon and Italy were aligned with sequence samples from Birungi and Munstermann (2002) by using Seqmann. The following statistics were computed using the program DNAsp (Rozas and Rozas 1999) . Nucleotide diversity within populations was estimated according to Nei (1987) , equation 10.5. Genetic differentiation estimates were calculated using Hst (Hudson et al. 1992 , equation 2) statistics. TajimaÕs D test for neutrality was calculated using total number of segregating sites. Genetic distance matrices were calculated using Kimura two-parameter distance (Kimura 1980) and were generated by using the program MEGA. The program TCS was used to generate the minimum spanning network (Clement et al. 2000) . The use of a haplotype network allowed a Þner discrimination of biological patterns through the examination of spatial/temporal patterns of genetic variation (Templeton 1998) .
Results
Mitochondrial Sequence Analysis. The alignment of 405 bp of the ND5 gene for populations Cameroon, Hawaii, and Italy identiÞed four new haplotypes: H10, H11, H12, and H13 ( Table 2 ). The most common haplotype, H3, was found in all the samples (Table  3) . Seven sequence sites were polymorphic, with three parsimony-informative sites. No insertions or deletions were detected. The new haplotype sequences were deposited into GenBank (accession nos. EU118294 ÐEU118297).
Gene Network. The minimum spanning network generated by TCS illustrated the relationship between 1  8  1  1  1  2  2  2  3  3  3  3  3  2  2  3  8  9  0  3  6  2  7  7  8  9  3  4  2  8  6  8  6  6  9  0  0  1  C  A  T  C  A  A  A  T  G  A  T  A Haplotype data for populations from continental United States, Brazil, Malaysia, and Madagascar was obtained from Birungi and Munstermann (2002) . the 13 mtDNA haplotypes (Fig. 1) . The network distinguished two major groups. One group was characterized by populations from the continental United States, Hawaii, Cameroon, Italy, and the native range (haplotype 3). The second group, representing haplotype 1, comprised only the Brazil population. Haplotype 11, contained in populations from Cameroon and Hawaii, was separated by one segregating site from the native and continental U.S. populations (Fig.  1) . Hawaii shared a haplotype with Cameroon that was unique to these two regions (Table 3 ). In addition, Cameroon had one unique haplotype and Hawaii had two unique haplotypes. The most frequent haplotype (haplotype 3) was widespread in Hawaii, Cameroon, and Italy (Table 3) .
Population Differentiation. The inclusion of the three new geographically distant populations produced a global haplotype diversity H T ϭ 0.457 and within population diversity H S ϭ 0.120. The H ST of the global population was 0.737, a level indicating a highly signiÞcant subdivision between the populations (P Ͻ 0.001). Haplotype diversity for Hawaii was 0.474 and for Cameroon was 0.344, whereas samples from Italy were homogeneous for haplotype 3. No structuring was observed between the Hawaii populations (Hst ϭ Ϫ0.006, P ϭ 0.01 Ͻ P Ͻ 0.05) or the Cameroon populations (Hst ϭ 0.029, P ϭ 0.01 Ͻ P Ͻ 0.05). Pairwise comparisons also revealed no signiÞcant structuring between the populations from Hawaii (Hst ϭ 0.007) and Cameroon (Hst ϭ 0.029). The nucleotide diversity in the total sample was 0.0014. The within population nucleotide diversity for Hawaii was 0.0019 and for Cameroon was 0.0009, indicating overall low genetic variation. The genetic distances matrix is given in Table 4 .
TajimaÕs D value under the neutral mutation hypothesis is close to zero (Tajima 1989 ). According to Tajima, "If D is signiÞcantly smaller than 0 then it suggests that purifying selection is operating. In contrast, if D is larger than 0, it suggests that balancing selection such as over-dominant selection is operating." TajimaÕs D test is based on the assumption that no recombination is occurring. TajimaÕs D value for Hawaii was Ϫ1.2821 and for Cameroon was Ϫ0.34239 and was not statistically signiÞcant (P Ͼ 0.10). These results are consistent with the neutral mutation hypothesis. Negative D values suggest either a recent population expansion or a recent bottleneck.
Discussion
High levels of allozyme variation within Ae. albopictus populations were documented from across its range by several studies (Black et al. 1988 , Kambhampati et al. 1990 , Urbanelli et al. 2000 . However, levels of mtDNA variation remain notably low in the current study as well as those conducted by Birungi and Munstermann (2002) , , and Mousson et al. (2005) . Mousson et al. (2005) detected only four informative haplotypes for Ae. albopictus from three mtDNA genes: Cytb, COI, and ND5. Table 2 ). The size of the oval shapes is proportional to the haplotype frequency (see Table 3 ). Birungi and Munstermann (2002) found nine haplotypes for the ND5 gene from populations sampled from the native Asian range, continental United States, and Brazil.
Ae. albopictus has existed in Hawaii for more than a century arriving sometime in the 1890s via ships from Asia (Usinger 1944 , Joyce 1961 , Lounibos 2002 , providing these populations with several generations sufÞcient to accumulate and promulgate mtDNA variants as they occurred. Hawaii was revealed to have higher overall haplotype diversity than seen in previous continental United States, Brazil, or native populations. Island populations in Madagascar and La Reunió n have also shown higher rates of sequence evolution for both Aedes aegypti (L.) and Ae. albopictus.
The geographic isolation provided by these islands (Hawaii, Madagascar, La Reunió n), along with abundant empty ecological niche space, probably accounts for the slightly higher level of genetic diversity observed (Gillespie and Roderick 2002, Mousson et al. 2005) .
Ae. albopictus was discovered to be in Cameroon in 1991, but few data exist on its biology or origin on the African continent (Simard et al. 2005) . The current study is the Þrst that reports sequence information and genetic comparisons for African Ae. albopictus.
The 50 specimens from Cameroon were deÞned by three haplotypes (H3, H10, and H11), and the 37 specimens from Hawaii yielded four haplotypes (H3, H11, H12, and H13), two of which were unique (H12 and H13), one shared with Cameroon (H11), and the fourth, a common haplotype shared with the continental United States and the native range (H3). In the haplotype frequency data (Table 3) , the two unique haplotypes in Hawaii (haplotypes 12 and 13) existed in a frequency of Ͻ3%. They share a mutation at site 376 (Table 2 ). In addition, haplotype 13 had substitutions at sites 379, 380, and 390. This suite of concomitant substitutions is consistent with data describing rare haplotypes observed in United States populations. These data lend further support to the conclusions reached by other studies that the breeding structure of Ae. albopictus is characterized by drift in local populations , Urbanelli et al. 2000 . Haplotype 11, found in Cameroon and Hawaii, occurred at higher frequencies than any of the unique haplotypes (Table 3) . Geographic isolation seems to have played a prominent role in the diversiÞcation of other arthropod species in the Hawaiian Islands. (Gillespie and Roderick 2002) ; however, even after 100 yr, the overall sequence variation for Ae. albopictus remained low. The lower than expected genetic variation was attributed to one or a combination of the following factors: 1) a small founder population, 2) extensive insect control measures leading to continued genetic bottlenecking, and 3) rapid range expansion of a few mtDNA haplotypes via modern transport Munstermann 2002, Mousson et al. 2005) . The extensive insect control measures and associated loss in genetic diversity cannot be easily recovered in the course of a few generations (Tajima 1989) . The lowered genetic diversity has not affected the vector competence of Ae. albopictus; however, in the absence of the commonly recognized vector of dengue, Ae. aegypti, Hawaii has had dengue fever outbreaks as recently as 2001Ð2002 (Efßer et al. 2005) and these outbreaks have emphasized the larger presence of Ae. albopictus in the archipelago.
In Cameroon, the haplotype diversity was low; however, the higher frequency of the rare haplotypes may be a consequence of the introduction of Ae. albopictus by a larger number of founder females and the absence of mosquito control programs. Although the precise time of introduction into Cameroon cannot be ascertained, the samples were obtained within 6 yr of the Þrst discovery there (Fontenille and Toto 2001) .
The haplotype shared between Cameroon and Hawaii and so far unique to these two populations provided evidence of the introduction of Ae. albopictus to Cameroon from Hawaii occurred via the continental United States trading with Cameroon. As suggested by Fontenille and Toto (2001) , the used tire trade may be responsible. These haplotypes may be present in the continental United States, and analysis of Ae. albopictus samples from strategic port cities may lend evidence to this proposition. For example, genetic data from the Panama Canal Zone has revealing potential, as this canal is one of the main routes of sea trade from the United States to Africa and Asia. Cameroon may have had multiple introductions from Hawaii and the continental United States as an explanation of the shared haplotypes and the ability of the species to spread across diverse climatic zones in Cameroon. These zones range from humid equatorial forests in southern Cameroon to the dryer, western highlands with altitudes Ͼ1,000 m (Simard et al. 2005) .
The limited phylogeographic partitioning of haplotypes with low levels of sequence divergence in Cameroon and Hawaii paralleled the population structure of Ae. albopictus seen in the United States and Brazil. The minimum spanning network was consistent with the expected pattern of range expansion (including colonization). When range expansion occurs, haplotypes found in the ancestral population that provide the source of range expansion become geographically widespread as well (Templeton 1998) . In Hawaii and Cameroon, the interior node (haplotype 3) represented the widespread ancestral haplotype, followed by younger haplotypes in limited frequency. The negative Tajima D values for Hawaii and Cameroon were consistent with Þndings from the continental United States and Brazil, also suggesting a recent population expansion or a selection process. These results further corroborate previous Þndings by Birungi and Munstermann (2002) that Ae. albopictus populations in the native range have experienced pronounced range expansions, favoring the survival of ancestral mtDNA lineage in the populations established in Hawaii, Cameroon, and Italy.
The Italian population carried the most common haplotype (haplotype 3). The samples from Italy were colony samples, probably accounting for the absence of additional haplotypes. According to allozyme stud-ies done by Urbanelli et al. (2000) , the Italian populations cluster together with those of American and Japanese origin, whereas samples from Indonesia are distinctly different. However, the current mtDNA data have indicated that the Italian and Indonesian populations cluster together. Further analysis is necessary at the mtDNA and nuclear DNA level along with more extensive Þeld sampling. Ae. albopictus populations in Italy and the continental United States share a common colonization trend (Black et al. 1988) , with large and repeated introductions (Urbanelli et al. 2000) . The rapid colonization of Ae. albopictus is attributed to its physiological and the ecological plasticity. Furthermore, the genetic variability and large founder populations contribute signiÞcantly to its success as an invasive species (Urbanelli et al. 2000) . A population has a higher probability of establishing itself if the initial colonizing population is great (McCauley, 1989 , Urbanelli et al. 2000 .
The Hawaii populations did not share any haplotype with Brazil, corroborating the earlier mtDNA study by Birungi and Munstermann (2002) that the introduction of this species into Brazil was a separate occurrence. In a recent study by Mousson et al. (2005) , populations collected in Represa do Congo and São Luis in Brazil formed a lineage paraphyletic to Asian lineages (Cambodia, Vietnam, and Thailand), suggesting a tropical origin. Hawley et al. (1987) also attributed a tropical origin to the Brazil populations. Allozyme studies conducted by hint toward a common origin in Japan. As suggested by Birungi and Munstermann (2002) , a careful sampling across the entire native rangeÑas well as HawaiiÑwill be necessary to resolve the contrasting observations.
